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I. MOTIVATION: BOOSTING THE hV V COUPLING
With the discovery of a Standard Model (SM)-like Higgs boson at the CERN Large Hadron Collider (LHC), measurement of the properties of the Higgs have become a top priority. The LHC measures rates in particular Higgs production and decay channels,
where κ i is the ratio of the Higgs coupling to SM particles i normalized to its SM-predicted value and Γ new is the Higgs decay width into new, non-SM final states. If all the κ i are equal with κ 2 i ≡ κ 2 = 1/(1 − BR new ) ≥ 1, all Higgs signal rates at the LHC will be identical to their SM predicted values [2] . In this case a coupling enhancement will hide the presence of new decays, and new decays will hide the presence of a coupling enhancement! (Measurements of off-shell gg (→ h * ) → ZZ [3] assuming no new resonances in the s-channel can constrain κ; however, a light second resonance H can cancel the effect of modified h couplings in this process [4] .) This LHC "blind spot" motivates us to study explicit models with κ > 1 to gain insight into how this scenario can be constrained.
The first interesting feature when considering models in which the h coupling to W or Z boson pairs is larger than in the SM is the unitarization of longitudinally-polarized vector boson scattering at high energies E v, where v 246 GeV is the SM Higgs vacuum expectation value (vev). In the SM, Higgs exchange famously cancels the [5] . In doublet or singlet extensions of the SM, this cancellation implies a sum rule (κ
is not possible to satisfy such a sum rule with only neutral Higgs exchanges; instead, one needs a doubly-charged Higgs boson exchanged in the u-channel [7, 8] . The presence of a doubly-charged Higgs coupled to SM gauge bosons implies the presence of scalars in isospin representations larger than the usual doublet. This can also be seen straightforwardly in an explicit model implementation of hW W couplings larger than in the SM. In particular, a coupling enhancement requires a scalar with isospin one or larger, which must have a non-negligible vev and must mix into the observed Higgs boson h.
How large can the isospin of such a scalar be? The maximum isospin is constrained by the requirement that the weak charges not become too large, thereby violating tree-level perturbative unitarity of V T V T → φφ scattering amplitudes, where V T are transversely polarized SU(2) L gauge bosons and φ are the new scalars. The general result for the zeroth partial wave amplitude for this process for a complex scalar multiplet with isospin T = (n − 1)/2 is [9]
Requiring that this amplitude satisfy the usual perturbativity constraint |Re a 0 | < 1/2, one obtains an upper bound on the isospin T ≤ 7/2 for a complex scalar multiplet. (For a real multiplet this becomes T ≤ 4 due to the smaller multiplicity of scalars.) The constraints become even tighter if more than one large scalar multiplet is present because of the higher multiplicity of final states. Of course, adding scalars in SU(2) L representations larger than the doublet leads to well-known problems with the electroweak ρ parameter, which is the ratio of the strengths of the neutral and charged weak currents. For a general Higgs extension, ρ can be written as [8] where the scalar vevs are defined as φ
for a complex (real) representation and the hypercharge operator is normalized according to Q = T 3 + Y /2. Given the extremely tight experimental constraint ρ = 1.00040 ± 0.00024 [10] , a convincing extension of the SM containing scalars with isospin one or larger and non-negligible vevs should address this constraint via some clever model-building.
There are two approaches to adding vev-carrying scalars with isospin one or larger while preserving the ρ parameter. The first takes advantage of the fact that certain combinations of isospin and hypercharge in Eq. (3) happen to yield ρ = 1 automatically. After the usual doublet, the next-simplest solution is the septet with T = 3, Y = 4 [11, 12] . (The third solution, with T = 25/2, Y = 15, is forbidden by tree-level perturbative unitarity of the weak charges, as are all higher solutions [9] .) The disadvantage of the septet extension of the SM is that the renormalizable scalar potential contains an accidental global U(1) symmetry under which the septet is free to rotate, so that one cannot give the septet a vev through spontaneous symmetry breaking without generating a physical massless Goldstone boson. This was dealt with in Ref. [11] by coupling the septet to the SM Higgs doublet through a dimension-7 operator of the form XΦ * Φ 5 , where X is the septet and Φ is the doublet. This is fine, and Ref. [11] gives an explicit example of an ultraviolet (UV) completion, but it implies that the UV completion must be nearby.
The second approach is to impose a global SU(2) L ×SU(2) R symmetry on the scalar sector [13] . This global symmetry breaks to custodial SU(2) upon electroweak symmetry breaking, thereby preserving ρ = 1 at tree level. The disadvantage of this class of extensions of the SM, the simplest of which is known as the GeorgiMachacek model, is that the global SU(2) R symmetry is explicitly broken by the gauging of hypercharge [14] . The special relations among the parameters of the full gauge-invariant scalar potential that are imposed by the global SU(2) R symmetry can thus only hold at one energy scale, because they are violated by the running due to hypercharge [15] . Again, this implies that the UV completion that is responsible for the approximate SU(2) R global symmetry in the scalar sector must be nearby.
Even given the theoretical caveats, these scalar sector extensions can lead to very interesting phenomenology, and are worth studying for that reason alone. In this talk I focus on the Georgi-Machacek model and its generalizations to higher isospin.
II. THE GEORGI-MACHACEK MODEL AND ITS GENERALIZATIONS
The Georgi-Machacek model [13] adds one real isospin triplet ξ and one complex isospin triplet χ to the SM Higgs sector. The scalar field content can be written in the form
which displays explicitly the transformation properties under the SU(2) L ×SU(2) R global symmetry (for a review and complete list of references current as of April 2014, see Ref. [16] ). The physical spectrum is dictated almost entirely by the custodial symmetry. The bidoublet Φ and bitriplet
The two custodial singlets mix, yielding CP-even neutral mass eigenstates h and H. The two custodial triplets mix by an angle controlled by the vevs of the doublet and the triplets, yielding a physical custodial triplet (H In this talk my focus is on the generalizations of the Georgi-Machacek models to higher isospin [1, 17] . By replacing the bitriplet X with a "bi-n-plet" one can construct a series of models (denoted "GGMn") with the following scalar field content under SU(2) L ×SU(2) R → SU(2) custodial :
Larger bi-n-plets are forbidden by the perturbativity of the weak charges. Again, the physical spectrum is dictated almost entirely by the custodial symmetry. It again contains two (mixed) custodial singlets h and H, a physical custodial triplet (H ) which contains the new states responsible for unitarizing longitudinal vector boson scattering. The generalized models also contain additional scalars in larger custodial multiplets, whose phenomenology I will henceforth ignore.
III. PHENOMENOLOGY
The phenomenology of the custodial singlets, triplet, and fiveplet can be constructed for the generalized Georgi-Machacek models completely in parallel to the construction in the original Georgi-Machacek model.
The vevs of the bidoublet and bi-n-plet are defined as Φ = (v φ / √ 2)I 2×2 and X = v n I n×n , which we can parameterize in terms of a mixing angle c H ≡ cos θ H = v φ /v.
The two custodial-singlet states are mixtures of φ 0,r ≡ √ 2 Re φ 0 and the custodial singlet from X, which we call H 0 1 (explicit expressions are given in Ref. [1] ):
where c α and s α are the cosine and sine of a second mixing angle α. The couplings of h and H to vector boson pairs and to fermion pairs are given relative to the corresponding couplings of the SM Higgs boson by
where the √ A factor comes from the SU(2) L generators acting on the larger multiplets and is given by A = 4T (T + 1)/3. For the Georgi-Machacek model and its three generalizations we have
Note also that κ The phenomenology of the custodial triplet in the generalized Georgi-Machacek models can be expressed in a way that makes it identical to that of the original Georgi-Machacek model. The two custodial triplets are mixtures of Φ 3 ≡ (φ + , φ 0,i ≡ √ 2 Im φ 0 , φ + * ) and the custodial triplet H 3 from X:
where G 0,± are the Goldstone bosons eaten by the Z and W ± and H
0,± 3
are the physical custodial-triplet scalars. These states are vector-phobic, with no tree-level couplings of the form H 3 V V .
The couplings of the H 0,± 3 to fermions are completely analogous to those of the pseudoscalar A 0 and charged Higgs pair H ± of the Type-I two-Higgs-doublet model, with Feynman rules given by
The ZH
coupling is also the same as the ZH + H − coupling in the Type-I two-Higgs-doublet model, so that the constraints from b → sγ, B s → µµ, R b , etc., can be taken over directly from the Georgi-Machacek model [19] . Indeed, it should be possible to define a mapping that enables the LHC constraints on the Type-I two-Higgsdoublet model to be taken over to the custodial triplet of the Georgi-Machacek model and its generalizations. We leave this to future work.
The phenomenology of the custodial fiveplet can also be constructed in parallel to that of the original GeorgiMachacek model. Because the custodial fiveplet is made up entirely of the states of the bi-n-plet, it does not couple to fermions. Instead, the H 5 V V couplings are nonzero, and are very different from any two-Higgs-doublet phenomenology. The custodial symmetry fixes the H 5 V V Feynman rules to have a common form in all the models: (13) as a function of the common H5 mass m5. Constraints shown are from the like-sign W W jj cross section [21] and perturbative unitarity of longitudinal V V scattering amplitudes [1] . Right: Cross sections after cuts for like-sign dimuon production from H ±± decay in the Higgs Triplet Model (solid lines) [23] and the generalized Georgi-Machacek models (dashed lines) [1] , together with the ATLAS cross section limit (horizontal dotted line) [22] . Both plots are from Ref. [1] .
where the common factor g 5 is fixed by the longitudinal vector boson unitarization sum rule [7, 8] ,
This sum rule is a result of the custodial symmetry in the scalar sector, and holds for all the generalized Georgi-Machacek models. We will take advantage of this sum rule together with the direct-search constraints on the custodial fiveplet states to constrain the maximum enhancement of κ h V in this class of models.
IV. CONSTRAINTS
We focus on constraining the H 5 V V coupling strengths as a function of the common H 5 mass. This will allow us to set upper bounds on the hV V coupling as a function of the H 5 mass via the second expression in Eq. (13) .
Our first constraint is from the ATLAS measurement of the like-sign W W cross section in association with two jets in a vector boson fusion topology [20] . This measurement has been recast in Ref. [21] as an upper bound on the additional production cross section for like-sign W boson fusion to H ±± 5 followed by decays back to like-sign W ± W ± . This excludes large H 5 V V coupling strengths, and hence large hV V coupling enhancements, for H 5 masses in the range 100-700 GeV, as shown in the left panel of Fig. 1 .
We can obtain a second constraint for high H 5 masses from the requirement of tree-level perturbative unitarity of the energy-independent part of the longitudinal V V → V V scattering amplitudes. This requirement leads to the famous upper bound on the Higgs boson mass in the SM [5] , m 2 hSM < 16πv 2 /5 (780 GeV) 2 , where we have included contributions from W W → W W , W W → ZZ, and ZZ → ZZ. In the generalized Georgi-Machacek models this bound becomes
where m h , m H , and m 5 are the masses of h, H, and all the H 5 states, respectively. Combining this with the sum rule in Eq. (13) 
This constraint becomes important for high H 5 masses above 700 GeV as shown in the left panel of Fig. (1) . (13) as a function of the common H5 mass m5, focusing on the low mass region. Constraints shown are the lower bound m5 > 76 GeV from a recasting of Ref. [23] and a decay-mode-independent OPAL search for ZH 0 5 [24] . From Ref. [1] . Right: As in Fig. 1 (left) for the original Georgi-Machacek model, but showing also the allowed points from a scan using GMCALC v1.0.1 [26] after imposing all theoretical constraints and the constraint on H3 from b → sγ.
These two constraints together set an absolute upper bound κ h V < ∼ 1.57 for H 5 mass greater than 100 GeV, which applies in all the generalized Georgi-Machacek models.
We now focus on the constraints for m 5 < 100 GeV. Our third constraint comes from a recasting of an ATLAS search for prompt same-sign dimuon pairs [22] into the context of the Higgs Triplet Model (HTM) assuming that the doubly-charged and singly-charged triplet states have the same mass [23] . We in turn recast this result into the generalized Georgi-Machacek models (GM) by rescaling the pp → H ++ H −− and pp → H ±± H ∓ cross sections by the appropriate H 5 H 5 V gauge couplings, which are fixed by custodial symmetry to be the same in all the generalized Georgi-Machacek models. This yields the dimuon cross sections after cuts shown in the right panel of Fig. 1 . Applying the ATLAS measurement [22] results in an absolute lower bound on the H 5 masses of 76 GeV, with no dependence on additional model parameters. This lower bound is shown in the right panel of Fig. 2 .
Finally we obtain a fourth constraint from an OPAL search for e + e − → ZS 0 production at the CERN Large Electron-Positron Collider (LEP), independent of the decay mode of the CP-even scalar S 0 using the recoil-mass method [24] . The resulting limit has been conveniently implemented in HiggsBounds [25] . This puts an upper bound on the H Where no other constraints apply we have imposed the constraint tan θ H < 10/3 from perturbativity of the top quark Yukawa coupling [18] . This leaves us with an absolute upper bound κ h V < ∼ 2.36 for any mass of H 5 , which applies in all the generalized Georgi-Machacek models.
V. OUTLOOK
Custodial symmetry combined with unitarity sum rules provides a powerful tool to constrain Higgs sector extensions in which the hV V coupling can be larger than in the SM by taking advantage of searches for the custodial fiveplet states H For high H 5 masses, the strongest constraint comes from tree-level perturbative unitarity of V V → V V scattering amplitudes. Interestingly, the constraint given in Eq. (15) is not fully saturated by the original Georgi-Machacek model, after imposing the full set of theoretical constraints. This is shown in the right panel of Fig. 2 , where the red dots represent a scan using GMCALC v1.0.1 [26] . This suggests that a full analysis of the theoretical constraints on the scalar potentials for the generalized Georgi-Machacek models may further constrain the maximum enhancement of κ h V in the high H 5 mass region. We have written down these scalar potentials for the first time in Ref. [1] , but an analysis of their theoretical constraints is yet to be done.
We have not addressed here the septet extension of the SM, which also allows κ h V > 1. The septet model does not preserve custodial symmetry in the scalar sector, so that there is no analogue of H 0 5 and the unitarity sum rules take a different form. Constraints on κ h V from searches for the doubly-charged scalar in the septet model are under investigation [27] .
